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Organ growthThe developmental mechanisms by which growth is coordinated among developing organs are largely
unknown and yet are essential to generate a correctly proportioned adult. In particular, such coordinating
mechanisms must be able to accommodate perturbations in the growth of individual organs caused by
environmental or developmental stress. By autonomously slowing the growth of the developing wing discs
within Drosophila larvae, we show that growing organs are able to signal localized growth perturbation to the
other organs in the body and slow their growth also. Growth rate is so tightly coordinated among organs that
they all show approximately the same reduction in growth rate as the developing wings, thereby maintaining
their correct size relationship relative to one another throughout development. Further, we show that the
systemic growth effects of localized growth-perturbation are mediated by ecdysone. Application of ecdysone
to larvae with growth-perturbed wing discs rescues the growth rate of other organs in the body, indicating
that ecdysone is limiting for their growth, and disrupts the coordination of their growth with growth of the
wing discs. Collectively our data demonstrate the existence of a novel growth-coordinating mechanism in
Drosophila that synchronizes growth among organs in response to localized growth perturbation.).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Animal development is characteristically robust so that it generates a
reliable phenotype in the face of environmental and genetic perturba-
tion. Nevertheless, very little is known of how developmental
robustness is regulated at the organismal level. Experiments in
Drosophila larvae have demonstrated that perturbing the growth of
individual imaginal discs (precursors of the adult organs) delays
pupation, as much as doubling the duration of the larval period
(Halme et al., 2010; Russell, 1974; Simpson and Schneiderman, 1975;
Simpson et al., 1980; Stieper et al., 2008). This appears to bea robustness
mechanism to ensure that the growth-perturbed disc has sufﬁcient
developmental time to regenerate before metamorphosis. Despite this
extension of the larval period, however, neither the body as awhole nor
the undamageddiscswithin it growbeyond theirwild-type size (Halme
et al., 2010; Stieper et al., 2008). Rather,mechanisms exist to ensure that
all organs attain their correct size by theendof development. The nature
of these mechanisms is poorly understood.
There are two mechanisms that could prevent organ overgrowth in
Drosophila larvae where metamorphosis is delayed due to slow growth
of an individual imaginal disc. The ﬁrst mechanism is that discs possess
an endogenous growth control mechanism that arrests growth when
discs reach their characteristic size. Under this scenario, undamageddiscs autonomously grow to their target size and wait for the growth-
perturbed disc to ‘catch up’, whereupon all discs differentiate into their
ﬁnal adult structures. The secondmechanism is that agrowth-perturbed
disc signals its condition to all the other discs in the body, slowing their
growth also. Under this scenario growth is coordinated among imaginal
discs so that they maintain the correct size relationship with one
another throughout development. Thesemechanisms are not, however,
mutually exclusive and correct ﬁnal size could be achieved using a
combination of both.
Data from several studies support the existence of a disc-
autonomous target size in Drosophila. Discs that are transplanted
into the abdomen of adult hosts continue to grow, albeit very slowly,
until they attain a ﬁnal size equal to that of discs growing in situ
(Bryant and Levinson, 1985). More recent research suggests that an
endogenousmechanism to arrest disc growth at a target size functions
independently at the level of individual developmental compartments
(Martin and Morata, 2006; Martin et al., 2009). These studies used
wing imaginal discs where the anterior (A) and (P) compartments
grew at different rates. Early in development the fast-growing A
compartment was proportionally larger than normal, but autono-
mously decelerated its growth late in development so that by pupation
the relative sizes of the A and P compartments were wild-type.
Nevertheless, more recent data indicate that perturbing the growth
of the P compartment of the wing discs non-autonomously reduces the
rate of cell growth and proliferation in the A compartment (Mesquita
et al., 2010). This suggests that there is non-autonomous coordinationof
growth among tissueswithin developing organs. At the same time there
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Larvae with growth-perturbed wing imaginal discs not only show a
developmental delay, but also a reduction in whole-body growth rate
(Stieper et al., 2008). However, body growth in Drosophila larvae is
primarily through endoreplication of larval tissues, and it is not known
whether imaginal tissues, which grow through cell division, respond
similarly.
Collectively, therefore, it is unclear how organ overgrowth is
prevented in larvae with extended periods of growth, with evidence
supporting both organ-autonomous and systemic mechanisms. Here
we address this question directly, by measuring the growth of the
imaginal discs in larvae where only one disc is growth perturbed. We
show that growth is tightly coordinated among wild-type and
growth-perturbed discs. We further show that the retarding effects
of localized growth-perturbation on the timing of pupation and
growth of other discs is rescued by ecdysone application. These results
point to the existence of a novel growth regulatory mechanism that is
mediated by ecdysone and that coordinates growth across the body in
response to localized tissue damage.
Materials and methods
Drosophila stocks
The following ﬂies were used in this study (stock numbers are in
parentheses): RpS3GD4577 (UAS-RpS3.RNAi, 37741) and its isogenic
control (60,000) were obtained from the Vienna Drosophila RNAi
Center; A9-GAL4 (P{GAL4}A9, 8761), Bx-GAL4 (P{GawB}BxMS1096,
8860), elav-GAL4 (P{GawB}elavC155, 458), and UAS-EcR.DN (P{UAS-
EcR.B1w650}, 6872) were obtained from the Bloomington Stock Center;
ci-GAL4; elav-GAL80 (II) was the kind gift of Christen Mirth. For all
experiments, control larvae were isogenic except lacking the RpS3.RNAi
UAS-response transgene.
Measurement of imaginal disc growth in larvae with growth-perturbed
wing discs
Larvaewere reared at25 °Con standard cornmeal/molassesmedium
supplemented with yeast paste in 60×15 mm Petri dishes in constant
light. Larvae were staged into 4-hour cohorts at the second-to-third
instar molt. Larvae were sampled from each cohort every 12 h (6 hours
for controls), washed in water, weighed on a Cahn C-30 microbalance
and dissected in phospho-buffered saline (PBS). Their imaginal discs
were ﬁxed and stored in 100% methanol, before being mounted in
vectashield with Hoechst 33258 (1:1000), illuminated under ﬂuores-
cent light, imaged using a Leica DM6000B microscope and measured
using ImagePro.We used disc area as ameasure of disc size (Martin and
Morata, 2006). For exogenous application of 20-hydroxyecdysone
(20E), either 0.75 mg of 20E dissolved in ethanol, or an equivalent
volume of ethanol, was added to 5 ml of Instant Drosophila Medium
(Ward's Natural Science). Larvae were transferred to food with or
without 20E 12 h after ecdysis to the third instar. Larvaewhere sampled
and their discs dissected every 12 h.
Quantitative PCR (qPCR)
Larvaewere collected and reared asdescribed above andﬂash frozen
24 h after ecdysis to the third larval instar. Gene expressionwas assayed
on six biological replicates of ﬁve larvae, using a standard curve and
normalized against expression of 28S rRNA. Primers for assaying E74B
expressionwere (ATCGGCGGCCTACAAGAAG (forward) and TCGATTGC
TTGACAATAGGAATTTC (reverse) (Caldwell et al., 2005). Primers for
assaying 28S expression levels were TAACGAACGAGACTCAAATATAT
(forward) and GAATGAAGGCTACATCCGC (reverse). Standard curves
were generated using seven serial dilutions of total RNA extracted fromOreR 2x 1st instar larvae, 2x 2nd instar larvae, 2x 3rd instar larvae
(male), 2x pupae (male) and 2x adult ﬂies (male).
Measurement of developmental time and pupal size
Larvae were collected and reared as described above, and the
number of individuals pupariating was recorded every 24 h. We
collected digital images of pupal cases and measured the area of the
pupal case when viewed from the dorsal aspect using ImagePro
(MediaCybernetics). For exogenous application of 20E, food with and
without 20Ewas prepared as described above, larvaewere transferred
to the food 96 h after egg deposition and the number or larvae
pupariating was recorded every 24 h.
Predicted growth trajectories
We used the growth trajectories of the experimental and control
imaginal discs to predict the ontogenetic allometries under the
hypothesis that growth is regulated organ autonomously. We ﬁtted
either a linear or quadratic growth trajectory to the (log-transformed)
imaginal disc size for A9NRpS3.RNAi and control larvae. We used this
growth trajectory to predict the size of each disc type every 4 h from the
beginning of the third larval instar. The predicted ontogenetic
allometries were generated by plotting these sizes against one another.
Results
Growth is coordinated among imaginal discs
We slowed growth of the wing imaginal disc using targeted RNAi
against ribosomal protein S3 (RpS3). RpS3 is a Minute gene and
hypomorphic mutations of Minute genes slow growth and retard
development but do not typically (despite their name) affect body size
(Saebøe-Larssen et al., 1998). We used the wing-speciﬁc GAL4 driver P
{GAL4}A9 to drive expression of UAS-RpS3.RNAi and reduce RpS3mRNA
expression in the wing discs. Wings in which RpS3.RNAi is expressed
show a reduction in growth rate (Fig. 1A). We refer to these wing discs
as Minute-wings and to the larvae that carry them as Minute-winged
larvae (although technically the wing imaginal disc has the anlagen for
both the adult wing and the notum of the thorax). As has previously
been reported (Stieper et al., 2008), Minute-winged larvae show a
substantial delay in development, predominantly through extension of
the third larval instar (Fig. 1B). Despite this extension of the larval
growing period, Minute-winged larvae pupariate at the same size as
wild-type controls (Stieper et al., 2008). Further, they generate adults in
which the size of the adult organs are more-or-less normal (Stieper et
al., 2008) (with the caveat thatMinute-winged ﬂies have a low eclosion
rate and so the observation may not hold true for those ﬂies that die
before adult eclosion).
While A9 does not drive expression in any other disc (Supple-
mental Fig. S1), it does drive low levels of expression in the brain
(Supplemental Fig. S1), which produces a number of growth
regulatory hormones. It is possible that the developmental delay in
A9NRpS3.RNAi is a consequence of RpS3.RNAi directly disrupting the
synthesis of growth hormones by neurosecretory cells. To exclude this
possibility we co-expressed A9NRpS3.RNAi with elav-GAL80, which
drives pan-neuronal expression of GAL80, the inhibitor of GAL4
(Supplemental Fig. S2A). Elimination of neuronal expression of RpS3.
RNAi in Minute-winged larvae did not attenuate the developmental
delay (Supplemental Fig. S2C). We also used a second wing-speciﬁc
driver, P{GawB}BxMS1096 (here referred to as ‘Bx’), again in combina-
tion with elav-GAL80, to slow growth of the wing discs and observed a
similar developmental delay but without larval overgrowth (Supple-
mental Fig. S2B, C & D).
How then is overgrowth of imaginal tissue prevented in
developmentally-delayed Minute-winged larvae? As discussed
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Fig. 1. RpS3.RNAi expression in thewing imaginal discs slows their growth and results in
developmental delay. (A) Expression of A9NRpS3-RNAi in the developing wings slowed
their growth compared to wild-type wings in A9N60,000 control larvae. Age is hours
after ecdysis to the third instar (AL3). WPP indicates wing disc size at White-Pre-Pupal
stage. (B) Developmental delay in Minute-winged larvae was in the third larval instar
(L3, white bar). The timing of the ﬁrst to second (L1-L2) instar molt, and second to third
(L2-L3) instar molt was not signiﬁcantly different between A9NRpS3.RNAi larvae and
controls (t-Test, PN0.05).
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Fig. 2. Hypotheticalmechanisms that ensure slow- and fast-growing organs all reach their
correct size by the end of development. (A) Growth among imaginal discs, for the example
second and third leg-disc, was coordinated inwild-type larvae throughout the third larval
instar (solid line is standardized major axis, r=0.95). The slope of the ontogenetic
allometry indicates the ratio of the logarithmic growth ratios for the second versus the
third leg disc. (B) In larvae with a slow-growing organ (organ 1), other organs (organ 2)
may grow at their wild-type rate, stop growth at their target size and wait for the slow-
growing organ to catch up (broken line). Alternatively, slowgrowth of anorganmay result
in coordinated reduction in the growth rate of other organs in the body,maintainingwild-
type size relationships throughout development (solid line).
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growing to a target size, or by growth-perturbed discs signaling their
condition to the other discs in the body and slowing their growth also.
To separate these two hypotheses we measured the ontogenetic
allometries between wing-disc size and leg- and eye-antennal disc
size in the Minute-winged and control third instar larvae. An
ontogenetic allometry is the scaling relationship between two organs
through development (Fig. 2A). When this scaling relationship is
plotted on a log-log scale, the slope of the allometry at any point gives
the ratio of the logarithmic growth rates (exponential growth
constant) of the two organs (Cock, 1966). If imaginal discs grow
autonomously to a target size, then slowing the growth of one disc
will change the ratio of its logarithmic growth rate with any other disc
and change the slope of their ontogenetic allometry (Fig. 2B).
Conversely, if growth is coordinated among discs, then slowing the
growth of one disc will slow the growth of the other discs and
maintain the ratio of their logarithmic growth rates, leaving the slope
of their ontogenetic allometries unchanged (Fig. 2B).
Fig. 3 shows the growth rate of the eye-antennal and leg discs in
Minute-winged and wild-type control larvae, and the ontogenetic
allometry of each of these discs against wing-disc size. Slowing the
growth of the wing discs resulted in a substantial non-autonomous
reduction in the growth rate of the eye-antennal and third-leg discs
(Figs. 3A & B). Remarkably, the slope of the ontogenetic allometries
between the wing discs and eye-antennal or third-leg discs was the
same in Minute-winged and wild-type control larvae (Figs. 3E & F).
Thus, the reduction in growth rate of the wing discs inMinute-winged
larvae is matched with a corresponding reduction in growth rate of
the third-leg and eye-antennal discs; that is growth among these discs
is tightly synchronized. The ontogenetic allometries were not those
expected if the eye-antennal and third-leg discs grew independently
of the wing discs (gray lines, Figs. 3E & F).Slowing the growth of the wing discs also substantially slowed the
growth of the ﬁrst and second leg discs (Figs. 3C & D). However, it also
altered their ontogentic allometry with thewing discs: the allometries
were slightly but signiﬁcantly shallower in Minute-winged larvae
compared to wild-type controls (Figs. 3G & H). This indicates a
reduction in the growth rate of these leg discs relative to the wing
discs throughout the third larval instar. At the same time both the ﬁrst
and second leg discs were larger relative to the wing disc at the
beginning of the third instar compared to controls (Figs. 3C & D).
Collectively these data suggest that growth in the ﬁrst and second leg
discs is accelerated relative to the wing discs early in the development
of Minute-winged larvae, and reduced later in development. This is
consistent with their growing autonomously to a target size.
Nevertheless, the ontogenetic allometries of these discs were not
those expected if they grew completely independently of the wing
discs (gray lines, Figs. 3G & H): the leg discs showed a reduced relative
growth rate when they were only 15% of their ﬁnal size and stopped
growing only at pupariation. Thus any autonomous growth of the ﬁrst
and second leg discs appears to be very limited.
Growth is less coordinated between imaginal discs and the body as a
whole
Slowing the growth of the wing discs slows the growth of the body
as a whole (Fig. 4A). However, the ontogenetic allometry between the
wing disc and body size indicates that the body of Minute-winged
larvae grew at a faster rate relative to the wing disc during the third
larval instar, compared to controls (common slope test, Pb0.0001,
Fig. 4B). At the same time, body size of Minute-winged larvae was
smaller relative to wing size at the beginning of the third larval instar.
This suggests that, when the wing is growth-perturbed, growth of the
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Fig. 3. Slowing the growth of the wing discs slows the growth of the other discs in a coordinated manner. (A–D) Slowing the growth of the wing discs in A9NRpS3.RNAi third-instar
larvae reduced the growth rate of the eye-antennal (A), and ﬁrst- (B), second- (C), and third-leg (D) discs, compared to controls. WPP indicates disc size at White-Pre-Pupal stage.
(E–F) The ontogenetic allometries between wing size and eye-antennal (E) and third leg (F) disc size during the third larval instar inMinute-winged A9NRpS3.RNAi larvae (broken
lines) and A9N60,000 controls (solid lines). The slopes of the ontogenetic allometries (standardized major axis) are not signiﬁcantly different from controls inMinute-winged larvae
(common slope test, PN0.05), indicating that the relative growth rates of the discs were wild-type. (G–H) The slopes of the ﬁrst- and second-leg discs vs. wing disc ontogenetic
allometries (standardized major axis) are signiﬁcantly shallower in Minute-winged A9NRpS3.RNAi larvae (broken lines) compared to controls (solid lines) (common slope test,
Pb0.001), indicating a slight decrease in the relative growth rate of the ﬁrst- and second-leg discs relative to the wing discs in A9NRpS3.RNAi larvae during the third larval instar.
Nevertheless, the ﬁrst and second leg discs attained their ﬁnal size at the same time as the wing discs. Error bars are 1 standard error. Gray lines are the predicted ontogenetic
allometries if non-wing discs grew at the same absolute rate in both Minute-winged A9NRpS3.RNAi larvae and control larvae.
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322 N.F. Parker, A.W. Shingleton / Developmental Biology 357 (2011) 318–325body is decelerated relative to the wing discs before ecdysis to the
third instar but accelerated subsequently. This is the opposite pattern
to that seen in the ﬁrst and second leg imaginal discs. Nevertheless,
the body did not grow at a rate expected if its growth were
independent of wing disc growth (gray line, Fig. 4B).
To further explore how growth of the body is affected by slow-
growth of the wing imaginal discs, we examined the size of the
mouth-hooks of ﬁrst-, second- and third-instarMinute-winged larvae.
Mouth-hook size does not change within an instar but reﬂects the size
of the larvae at the previous molt and hence the amount of growth
achieved during the previous instar. While larval mouth-hook size
was the same in both control and Minute-winged second instars (t-
test, p=0.9562), by the third instar mouth-hooks were 4% smaller in
Minute-winged larvae (t-test, p=0.0025) (Fig. 4C). Nevertheless, the
duration of the second instar was unaffected by slow growth of the
wing (Fig. 1B, nominal logistic regression, p=0.1421). Thus growth-
perturbation of the wing imaginal discs appears to cause an absoluteA9>RpS3.RNAi
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Fig. 4. Slowing the growth of the wing discs slows the growth of the body, but in a less
coordinated manner. (A) Slowing the growth of the wing discs slowed the growth of
the body, but did not change ﬁnal body size (larval size at pupation). (B) The slope of
the body v. wing ontogenetic allometry (standardized major axis) is signiﬁcantly
steeper in Minute-winged A9NRpS3.RNAi larvae compared to wild-type controls
(common slope test, Pb0.001), indicating a slight increase in the growth rate of the
body relative to the wing in Minute-winged larvae during the third larval instar. Error
bars are 1 standard error. The gray lines are the predicted ontogenetic allometries if the
body grew at the same absolute rate in bothMinute-winged and control larvae. (C) The
size of the third-instar mouthparts is reduced in A9NRpS3.RNAi larvae relative to wild-
type controls. Since the duration of the second instar is the same in both genotypes
(Fig. 1B), this suggests that the body's growth rate was reduced relative to the wings
during the second instar in Minute-winged larvae.reduction in the growth rate of the body during the second larval
instar.
Slowing the growth of one imaginal disc slows the growth of the
prothoracic gland
The developmental delay ofMinute-winged larvae is due to a delay
in attainment of critical size (Stieper et al., 2008), the point in
development where larvae irreversibly initiate the hormone cascade
that ends in metamorphosis. Critical size has been shown to be
regulated, in part, by growth of the prothoracic gland (PG), the
endocrine organ that synthesizes ecdysteroids (Caldwell et al., 2005;
Colombani et al., 2005; Mirth and Riddiford, 2007; Mirth et al., 2005).
It is the rapid rise in ecdysteroids at the end of the third larval instar
that initiates pupariation in Drosophila (Riddiford, 1993). We
therefore examined whether perturbing the growth of the wing
imaginal discs in A9NRpS3.RNAi slowed the growth of the PG, and
found that it did (Fig. 5A). Thus the developmental delay observed in
Minute-winged larvae may, in part, be a consequence of growth
retardation of the PG and a resulting reduction in ecdysteroidgenesis.
To test this we assayed the level of ecdysone activity bymeasuring the
transcriptional activation of the ecdysone signaling target E74B, which
in wild-type larvae begins increasing expression 24 h into the third
larval instar in response to an increase in the ecdysone titre (Caldwell
et al., 2005). Consistent with our hypothesis, E74B expression was
signiﬁcantly reduced 24 h after the molt to the third instar in
A9NRpS3.RNAi larvae relative to wild-type controls (Fig. 5B).
Ecdysone rescues developmental time and disc growth retardation in
larvae with growth-perturbed wing discs
If the developmental delay in larvae with growth-perturbed wing
discs were a consequence of reduced level of ecdysteroid synthesis,
feeding such larvae with ecdysone should suppress this developmental
delay. To test this, we fed Minute-winged (BxNRpS3.RNAi) larvae 20-
hydroxyecdysone (the active formof ecdysone) 92 h after egg-laying. The
resultwas a shortening of the delay in pupariation, so thatMinute-winged
larvae pupariated at the same time as wild-type controls (Fig. 5C). Thus
20E levels appear rate limiting for pupariation inMinute-winged larvae.
Previous studies have indicated that ecdysone signaling is necessary
for disc growth in holometabolous insects, both in vitro and in vivo
(Berreur and Bougues, 1975; Brennan et al., 1998; Martin and Shearn,
1980;Meyer andSachs, 1980;Mirth et al., 2009). An appealinghypothesis
is therefore that reduced ecdysteroidgenesis inMinute-winged larvae not
only accounts for their developmental delay, but also for the reduced
growth rate of their discs. If this hypothesis were correct, then 20E
application should suppress systemic disc-growth retardation inMinute-
winged larvae (BxNRpS3.RNAi). To test this we fed 20E toMinute-winged
larvae 12 h after theymolted to the third larval instar (AL3) andmeasured
their disc growth every 12 h. Growth of the third-leg disc was almost
completely rescued to a wild-type rate after application of 20E (Fig. 5D).
Thus 20E levels appear to be rate limiting for disc growth in Minute-
winged larvae. More importantly, feeding 20E to Minute-winged larvae
changed the ontogenetic allometry between the third leg-disc and the
wingdisc (Fig. 5E), indicatingachange in their relative logarithmicgrowth
rates. Indeed, the ontogenetic allometry resembled that expected if
growth of the third-leg disc were independent of growth of the wing disc
(Fig. 2B). In contrast, when 20E was fed to control larvae, growth of the
wing and third-leg discs remained tightly coordinated (Fig. S3A). Thus
application of 20E appeared to disrupt the coordination of growth
between the growth-perturbed wing discs and the other discs.
Collectively, these data support the hypothesis that a growth-
perturbed disc retards growth in other discs by suppressing the synthesis
of ecdysteroids, which normally promotes disc growth. Direct application
of 20E appears to override this suppression of ecdysteroidgenesis and
rescues growth of the other discs. However, an alternative hypothesis is
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Fig. 5. Ecdysone signaling is limiting for developmental progression and imaginal disc growth inMinute-winged larvae. (A) Slowing the growth of the wing discs slowed the growth
of the prothoracic gland. (B) Slow growth of thewing discs suppressed ecdysone signaling in larvae 24 h after ecdysis to the third instar (AL3), asmeasured by expression of E74B. (C)
The developmental delay inMinute-winged BxNRpS3.RNAi larvae was rescued by feeding 20E 96 h after egg laying (AEL) (~24 h after ecdysis to the third instar). (D) Slow growth of
the third-leg discs inMinute-winged larvae was rescued by feeding 20E 12 h AL3. Arrowhead indicates timing of 20E feeding. The size of the leg-disc in 20E-fedMinute-winged larvae
48 h AL3 was signiﬁcantly larger than in unfed Minute-winged larvae (t-test, P b0.0001) and not signiﬁcantly different from unfed wild-type controls (t-test, P=0.33). (E) Feeding
20E disrupted the coordination of growth between the growth-perturbed wing disc and the wild-type third leg disc, as indicated by a change in their allometric relationship. The
same was not true for wild-type larvae (Fig. S3A). Lines are cubic splines, shading shows 95% conﬁdence intervals. (F) Feeding 20E toMinute-winged larvae 12 h after ecdysis to the
third instar did not rescue body growth but caused Minute-winged larvae to lose body mass, which appears to be a response to early larval wandering. All error bars are 1 standard
error and may be smaller than the marker.
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RpS3.RNAi expression on wing growth.
Several pieces of evidence suggest that the effect of 20E application
on disc growth is not a consequence of 20E addressing the defect
caused by RpS3 knock down in the wing disc. First, even though
application of 20E did increase growth of the Minute wing, it did not
restore it to a wild-type rate as it did for the third-leg discs (Fig. S3B),
which accounts for the change in the ontogenetic allometry between
these discs (Fig. 5E). Indeed, 48 h after ecdysis to the third instar
(approximately at the time 20E-fed larvae pupariated) the size of the
Minute-wing discs was not signiﬁcantly different in Minute-winged
larvae with and without 20E application (Fig. S3B). Second, the
growth response of the Minute-wing to 20E was primarily in the
region of the wing outside of the Bx domain of RpS3.RNAi expression:
the Bx domain occupied a smaller proportion of the total wing disc in
Minute-winged larvae that had been treated with 20E compared to
larvae not fed 20E (Fig. S3C). This was not observed in control larvae
fed 20E (Fig. S3D). Thirdly, Minute wing discs show apoptosis in the
domain in which RpS3.RNAi is expressed, presumably in response to
cell-competition with surrounding faster-growing tissue (de la Cova
et al., 2004; Moreno et al., 2002). Application of 20E did not reduce
this level of cell death (Fig. S3E), suggesting that expression of RpS3.
RNAi was continuing to suppress growth. Finally, if the rescue of the
growth of other discs by 20E were mediated by its effects on the
Minute-wing, then blocking ecdysone signaling in the RpS3.RNAi-
expressing region of the wing should attenuate the rescue. To test this
we co-expressed a dominant negative against the ecdysone receptor
(EcR.DN) along with RpS3.RNAi. We found that the effect of 20E on thegrowth of other discs was unchanged, suggesting that the rescue of
growth in the third-leg disc was not contingent on ecdysone signaling
in the growth perturbed part of the wing disc (Fig. S3F).
Ecdysone did not rescue growth of the body as a whole in Minute-
winged larvae.Wild-type larvae showadecline in body size towards the
endof the third instar (Fig. 4A),which is a consequence of their stopping
feeding as they wander and search for a pupariation site (Church and
Robertson, 1966). The same phenomenon was observed in Minute-
winged larvae, albeit in older larvae (Fig. 4A). Feeding 20E to Minute-
winged larvae 12 h after ecdysis to the third instar did not accelerate
bodygrowth but rather advanced larvalwandering and caused a decline
in larval bodysize (Fig. 5F). This suggests that ecdysoneaffects growthof
the imaginal discs differently than growth of the body as a whole in
Minute-winged larvae.
Discussion
Thesedata indicate that,when thegrowth rate of an individual organ
is slowed, other organs non-autonomously slow their growth so that the
size relationship among organs is the same as in wild-type larvae,
throughout development. These data reveal an unexpected level of
growth coordination among organs in a developing animal and support
the hypothesis that individual organs are able to detect their own
growth rate and signal their condition to tissues around the body. The
result is a robust developmental system that generates correctly
proportioned animals despite growth perturbation of individual organs.
The synchronization of growth among discs is surprising given
several studies that suggest discs grow autonomously to their target size.
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showed that they grow to their wild-type size, albeit at a very reduced
rate (Bryant and Levinson, 1985). More recently, Martin and Morata
(Martin and Morata, 2006) and Martin et al. (2009) demonstrated that
wild-type discs and compartments in otherwise Minute/+ larvae also
show elevated growth rates compared to the body as a whole and
neighboring compartments. In particular, the wild-type discs and
compartments were disproportionately large and developmentally
advancedat early third instar compared toMinute/+discs orneighboring
compartments. Based on these data, they suggested that discs possess an
autonomousmechanism that arrest growth once a disc has reached ﬁnal
size, and that thismechanism functions independently in developmental
compartments within the disc (Martin and Morata, 2006).
Whilst discs may possess a target size, our data suggest that they do
not grow independently to this size, at least in vivo. Growth of the eye-
antennal and third leg discs was tightly coordinated with growth of the
wing disc even when the wing disc was growth perturbed. Growth of
the ﬁrst and second leg discs was more independent, but nevertheless
still substantially reduced by the presence of a slow growing wing disc.
Consequently, in developing larvae growth and the cessation of growth
appears to be largely coordinated across the body as a whole. Whilst
these results are surprising in light of previous studies, the hypothesis
that disc growth is coordinated in Drosophila has intuitive appeal. Many
of the developmental events that occurwhile the imaginal discs are still
growing are directed by humeral signals, in particular ecdysone
(Baehrecke, 1996; Richards, 1981). Only by coordinating growth
among organs can a larva ensure that all discs receive the same
developmental signals at the appropriate size. For example, differenti-
ation in the eye proceeds as a dorso-ventral morphognetic furrow that
sweeps anteriorly across the retinal primordium(Tomlinson and Ready,
1987). The movement of this furrow is regulated by ecdysteroids
(Brennan et al., 1998) and begins approximately 25 h before puparia-
tion, while the disc is still growing (Basler and Hafen, 1989). If the eye-
antennal disc grew at a wild-type rate in larvae where the release of
ecdysone were delayed by a growth-perturbed wing, the furrowwould
be initiated in a much larger eye-antennal disc than normal, possibly
after the disc had stopped growing.
How then is growth coordinated among organs so that they all
receive these humoral developmental signals at the appropriate size?
Our data suggest that it is the humoral signals themselves, speciﬁcally
ecdysone, that is mediating growth coordination. Previous research has
shown that the developmental delay observed in larvae with damaged
discs is a consequence of low levels of ecdysteroidgenesis (Halme et al.,
2010; Sehnal and Bryant, 1993), and our data show that the same is true
for larvae with Minute-wings. Several studies have also indicated that
organ-autonomous ecdysone signaling is necessary for disc growth,
both in vitro and in vivo (Brennan et al., 1998;Martin and Shearn, 1980;
Mirth et al., 2009). An appealing hypothesis is therefore that the
systemic suppression of disc growth inMinute-winged larvae is due to
an inhibition of ecdysteroidgenesis, which suppresses ecdysone
signaling in the non-growth-perturbed discs and slows their growth.
This hypothesis is supported by our data, although not conclusively.
Ideallywewould like to elevate ecdysone signaling autonomously in the
non-growth-perturbed discs. This is technically difﬁcult. First, we know
of no method to elevate ecdysone signaling disc autonomously
(although one can partially elevate signaling through disc-speciﬁc
knock-down of EcR expression, Mirth et al., 2009). Second, we would
need to alter disc-speciﬁc ecdysone signaling without utilizing the
GAL4-UAS system, currently used to slow the growth of the wing disc.
The newQ-system for transgene expression presents a possible solution
to this issue (Potter et al., 2010). However, until such experiments can
be conducted it remains possible that 20E rescues disc growth in
Minute-winged larvae non-autonomously.
Regardless of whether ecdysone promotes disc growth directly or
indirectly, Minute-winged larvae do show a global repression of
ecdysone signaling consistent with a reduction in ecdysteroidgenesis.How this is achieved is unclear. A recent study by Halme et al.
indicated that in larvae with damaged wing discs, the delay in
pupariation is in part a consequence of inhibition of prothoracico-
tropic hormone (PTTH) expression, the hormone that stimulates
ecdysteroidgenesis (Halme et al., 2010). Like perturbing the growth of
the wing discs, direct ablation of PTTH-producing neurons suppresses
the synthesis of ecdysteroids and delays metamorphosis (Mcbrayer et
al., 2007). However, it also results in overgrowth of the body and
imaginal discs (Mcbrayer et al., 2007). Since we did not observe
similar organ and body overgrowth inMinute-winged larvae it seems
unlikely that the effects of the growth-perturbed wing discs on
systemic growth are mediated solely by PTTH expression.
In contrast to the imaginal discs, slow growth of the body inMinute-
winged larvae does not appear to be limited by ecdysone signaling.
FeedingMinute-winged larvae 20Edid not accelerate thegrowthof their
body. Indeed, published data indicate that up-regulating ecdysone
signaling either by increasing ecdysteroidgenesis in the PG or by feeding
larvae 20E actually retards larval growth (Colombani et al., 2005;
Delanoue et al., 2010), and our data are consistent with this (Fig. 5D).
Most of the larval body comprises larval tissue, which may respond
differently to ecdysone than imaginal tissue. Consequently, growth-
perturbed discs may affect body growth and disc growth differently,
through different mechanisms. This is supported by our ﬁnding that
growth is less coordinated between the slow-growingwing disc and the
body than between the slow-growing wing discs and other discs.
Speciﬁcally, the body of Minute-winged larvae grew disproportionally
slower during the second larva instar and disproportionally faster
during the third larval instar. The PG also grows through endoreplica-
tion, and so the samemechanism that retards the growth of the body in
Minute-winged larvae may retard the growth of the PG.
A recent study byMesquita et al. (2010) revealed that growth is also
coordinated among developmental compartments within imaginal
discs. They slowed the growth of the anterior compartment of the
wing imaginal disc and showed that this results in a non-autonomous
decrease in the growth of the adjacent posterior compartment.Wehave
also explored whether growth is coordinated between the anterior and
posterior compartment of the wing disc, using Minute mutations to
manipulate growth rate, and observed the same effect (unpublished
data). Mesquita et al. further demonstrate that this coordination is
mediated by Drosophila p53 and the activation of the apoptosis
machinery in the growth-retarded compartment. RpS3.RNAi expression
also elevates apoptosis in thewing-imaginal disc (Fig. S3). The apoptosis
machinery may therefore provide a mechanism through which both
discs and compartments recognize that they are growth-retarded.
Whether the coordination of growth among compartments is also
mediated by ecdysone signaling is, however, unknown.
The last decade has seen a large number of studies concerning the
molecular and physiological mechanisms that regulate growth in
holometabolous insects speciﬁcally and animals in general. These studies
have identiﬁed several key pathways that regulate organ and body size,
including the insulin and TOR signaling pathways (Brogiolo et al., 2001;
Goberdhan et al., 1999; Hennig and Neufeld, 2002; Shingleton et al.,
2005), the hippo signaling pathway (Pan, 2007), and the pathways that
regulate organ patterning (Crickmore and Mann, 2006). Our data
implicates an additional pathway, ecdysone signaling, in organ growth
regulation. Ecdysone has long been recognized as a regulator of size
through it role in controlling the timing of molts and the duration of
growth (Caldwell et al., 2005; Mirth et al., 2005; Nijhout and Williams,
1974; Truman and Riddiford, 1974). However, it is only recently that its
role as a regulator of growth rate has been revealed (Colombani et al.,
2005; Delanoue et al., 2010). Ecdysone does Nootka appear to act alone
in this role. Ecdysone synthesis is regulated by insulin and TOR signaling
in the PG (Caldwell et al., 2005; Colombani et al., 2005;Mirth et al., 2005),
while, as discussed above, ecdysone signaling suppresses body growth by
antagonizing the insulin signaling pathway in the fat body (Colombani
et al., 2005; Delanoue et al., 2010). More generally, crosstalk among size-
325N.F. Parker, A.W. Shingleton / Developmental Biology 357 (2011) 318–325regulating signalingpathways is becoming apervasive theme in studies of
growth regulation (Edgar, 2006; Shingleton, 2010). How the coordination
of organ growth via ecdysone signaling ﬁts with other growth-regulating
pathways is unclear and is the subject of ongoing research. What is clear,
however, is that organ size regulation is a complex process involving
multiple pathways transmitting multiple types of information. The
challenge for developmental biologists is understanding how these pieces
of information are integrated at the level of the organ and organism to
ensure that each organ attains its appropriate size.
In summary, our data reveal an unexpected level of growth
coordination among organs in a developing animal, and suggest that
individual organs are able to detect their own growth rate and signal
their condition to tissues around the body. The result is a robust
developmental system that generates correctly proportioned animals
despite growth perturbation of individual organs. The systemic and
coordinated response of organ growth to growth-perturbation in one
organ is unlikely to be unique toDrosophila. Indeed there is considerable
evidence that tissue damage can lead to growth retardation in humans.
For example, developmental delay and stunted growth is a major
complication in children suffering from chronic inﬂammation and
infection (De Benedetti et al., 2006), and in children with severe burns
(Rutan and Herndon, 1990). Signaling among growing organs in
Drosophila may therefore be one example of a general growth-
coordinating mechanism utilized by all animals.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.07.002.
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